Abstract-This paper presents a novel stand-alone power system using a three to four phase matrix converter (MC) for use with renewable energy sources such as a micro hydro turbine or a tiny wind turbine with a permanent magnet synchronous generator (PMSG). MCs are able to convert AC power to AC power directly without using DC link capacitors, and AC to DC conversion is also possible because DC is considered to be a type of AC power. Here, two single phase AC outputs with constant frequency and two DC outputs for a battery storage system are described for a fluctuating voltage source. Direct duty ratio pulse width modulation (DDPWM) is used to achieve the desired output because it is easy to expand an ordinary three to three phase MC to produce a three to four phase MC. In addition, fictitious reference iterative tuning (FRIT) is used to design the controller gains. The validity of the proposed method is demonstrated using MATLAB/Simulink simulations.
I. INTRODUCTION
Recently, renewable energy sources such as micro hydro turbines, tiny wind turbines, and photovoltaic panels have been developed. It is now possible not only to connect to the grid, but also to locate stand-alone power supply systems in areas where connection to the power grid is difficult. In addition, micro power or smart grid systems for use in emergency situations such as power failures are also being researched. These systems can be used to connect energy storage sources to stabilize the power grid, and high-efficiency power conversion facilities with flexible control are thus required. Matrix converter (MC) systems present a feasible solution for these applications because they offer certain advantages, including direct AC to AC power conversion without the need for electrolytic capacitors, and reversal of electrical energy from the load side to the source side [1, 2] . When using an adequate switching pattern, the three phase to three (3×3) phase MC can convert mixed AC/DC outputs simultaneously [3, 4] . In this paper, we propose a three to four (3×4) phase MC for a standalone power system with two single AC outputs that are used for the residential load and two DC outputs that are used for battery storage. In this case, we use direct duty ratio pulse width modulation (DDPWM) to generate an adequate switching pattern for the 3×4 phase MC.
DDPWM is one of several switching methods used for MCs and has the feature where the duty ratio is calculated directly from the desired output voltage [5] . When using DDPWM, a constant frequency output and a DC output for storage charging are obtained simultaneously, even if the input voltages fluctuate or are unbalanced. Therefore, DDPWM is suitable for systems that use renewable energy sources.
From the control viewpoint, the AC/DC mixed load system requires a different type of controller for the AC load and DC loads to achieve the fast response and to eliminate the steady state error. In practical use, a proportional-integral-differential (PID)-type controller is desirable, but tuning of the controller requires specialist knowledge and the gain tuning is usually done by trial and error. In this paper, fictitious reference iterative tuning (FRIT) [6] [7] [8] is used to achieve adequate controller gain for the two-degrees-of-freedom (2DOF) controller. FRIT is a controller tuning method that enables desired parameters to be obtained from only one-shot experimental data. Additionally, when searching the desired gains for FRIT, the particle swarm optimization (PSO) [9, 10] method is used.
In this paper, we propose a 3×4 phase MC for stand-alone power systems that use DDPWM, and the controller gains of the system are designed using FRIT. The validity of the proposed method is demonstrated using MATLAB/Simulink simulations. 
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where T A1 to T A4 are calculated using d A1 , as follows:
From (1) and (2), the average value of v oA , ‫ݒ‬ҧ , is calculated as follows:
By letting ‫ݒ‬ҧ be equal to the A-phase output voltage command ‫ݒ‬ ‫כ‬ , the duty ratio d A1 is calculated directly as follows:
The duty factors of the B-, C-and D-phases are also calculated in the same manner. When using DDPWM, the calculation of the duty ratio of the output phase simply requires the input voltage, and thus in the case where the number of output phases is increased, the same method can be applied. When a DC output is required, the reference value is changed from AC to DC. Additionally, the switching pattern of SP-II can be calculated using Fig. 2(b) . The results obtained are as follows:
To summarize, the duty ratio is calculated for each of the four phases.
III. DESIGN OF CONTROLLER PARAMETERS USING FICTITIOUS REFERENCE ITERATIVE TUNING

A. Fictitious reference iterative tuning
FRIT is a controller tuning method that allows us to obtain desired parameters from only one-shot experimental data for an unmodeled plant system and it can be used to perform offline tuning [6] [7] [8] . Fig. 3(a) shows the system configuration for the AC controller, where K(z,θ) is the controller that was described in the discrete time system and G(z) is the SISO (single-input single-output) linear time-independent discrete system that includes the unknown dynamics. In this paper, four independent controllers are implemented in the proposed system, where two of the controllers are the AC voltage control system and other two are the DC voltage control system.
In the AC voltage controller, the following controller is used to eliminate the steady state error [8] .
where ω is the reference signal frequency and Ʌ ൌ ሾɅ ଵ Ʌ ଶ ሿ is the controller gain vector. FRIT is considered to be a discrete time system, thus leading to the discrete model of (10) . K ac (z, θ) is calculated to determine the adequate controller gains as follows:
where ऊሾ ሿ indicates the z-transformation from the s-domain.
For controller design using FRIT, we should first obtain the input and output data u 0 (k) and y 0 (k) using the initial gains from the one-time experimental results (in this case, we use a onetime simulation result). Next, we evaluate the following function and search the adequate gains to minimize this function.
(a) System configuration for AC control.
(b) System configuration with 2DOF controller. Fig. 3 . System configuration block diagrams designed using FRIT.
where ‫ݎ‬ǁ is called the fictitious reference signal, and is defined as follows:,
In (13), θ is changed after each iteration to determine the optimal gains, and particle swarm optimization (PSO) [9, 10] is selected as the search method used to find the gains. M ac (z) is the model of the ideal closed loop response for AC voltage control, and is defined as the discrete model of (14), where λ is the pole of the ideal system. We select λ = 350 after obtaining some trial and error results.
For DC voltage control, we designed the two-degrees-offreedom (2DOF) controller shown in Fig. 3(b) , where the controllers are selected as follows. K N is the gain of the low pass filter to the approximate derivative, and here it is set to K N = 500.
M dc (z) represents the discrete function of the ideal continuous transfer function of the DC control circuit shown in (17) and λ dc is selected to be λ dc = 500.
B. Particle Swarm Optimization
In this paper, we use PSO to obtain the appropriate gains of the controllers that were designed using FRIT. PSO is an optimization technique and a type of evolutionary computation technique [9] . All solutions in PSO can be represented as particles in a swarm. Each particle (agent) has a position and velocity vector and each set of position coordinates represents a parameter value. PSO, which uses the concept of velocity as described in (18) and (19), can easily cover the full range of initial parameters:
where k is the number of iterations, x i is the i-th particle, v i is the velocity of particle i, pbest i means the previous best position of the i-th particle, gbest is the best particle in the population, c 1 and c 2 are the acceleration constants, rand( ) is a random function, and w is the inertial weight factor that was described in (20), where w max is the maximum weight constant, w min is the minimum weight constant and k max is the maximum number of iterations.
By appropriate selection of w, c 1 , and c 2 , the particles are able to move towards the optimum position. In this paper, we use PSO to evaluate the index function that was defined in (12), and the dimension of x is set at 2 for the AC controller and 4 for the 2DOF DC controller.
IV. SIMULATION RESULTS
A. Search results for gains using FRIT
The simulation parameters of the matrix converter-based stand-alone power supply system are shown in Table I , where the switching frequency is set at 12 kHz. Fig. 4 shows the gain estimation results when using FRIT for the AC voltage controller. After several iterations, the controller gains converge to the desired values. Table II shows the results for both the AC and DC controller gains. In Fig. 4 , the solid line curve is the voltage reference, which is set at 60
Hz and 0.3 p.u.; the dashed line curve shows the initial output of the plant, the dot-dashed line curve shows the ideal output using (14), and the black bold curve is the plant output when using the optimal gains. It is clear that the plant output converged to the reference values rapidly.
Fig . 5 shows the step response when using the FRIT searching algorithm for the DC voltage controller. In this case, the 2DOF controller is used, which consists of (15) and (16). The controller gains are listed in Table II . The plant output agrees with the reference value.
B. Control Results of the Matrix Converter
Fig . 6 shows the simulation results produced using MATLAB/Simulink with the SimPowerSys tool box, where the AC voltage command is changed from 0.3 p.u. to 0.5 p.u. at t=0.1 s, and the DC voltage command is changed from 0.5 (í0.5) p.u. to 0.3 (í0.3) p.u. at t = 0.2 s. The controller gains are designed using FRIT as shown in Table II . Fig. 6 Fig. 8 shows the source currents, i a , i b and i c . On the source side, the RLC low pass filter prevents the flow of the harmonic components that were generated in the MC. After the reference values are changed, the 3rd order harmonic components increase in both i b and i c . Table III shows the FFT analysis results of the 3rd order harmonic component and the total harmonic distortion (THD) of each current. As shown in the table, the largest harmonic order is the 3rd order and low even-order harmonic components of less than 3% are included in the current. The THD of the source current is approximately 10% and the power supply is considered as a stand-alone system, and the results are thus acceptable. 
V. CONCLUSION
In this paper, we propose a stand-alone power supply system using a three to four phase MC with a DDPWM switching pattern. Two different types of loads, i.e., an AC load and a DC load, are controlled independently even when the source voltage is fluctuating. From the viewpoint of the controller, adequate responses are obtained when using FRIT for both AC and DC controllers. We are now considering other types of MCs, such as a three to five phase MC that can produce a three-phase AC and DC output controls. The proposed methods will be confirmed before we build a prototype system.
